EW-2-82 


January  1982 


A  TREATISE  ON  EXERGY  AND  THE 
SECOND  LAW  OF  THERMODYNAMICS 

by 


UNITED  STATES  NAVAL  ACADEMY 

DIVISION  OF 

ENGINEERING  AND  WEAPONS 
ANNAPOLIS,  MARYLAND 


1 9950623  033 


I>TI«  QUALITY  maPECTED  8 


EW-2-82 
January  1982 

A  TREATISE  ON  EXERGY  AND  THE 
SECOND  LAW  OF  THERMODYNAMICS 

by 

V.  J.  LOPARDO 
Professor 

Mechanical  Engineering  Department 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Whmn  Dmtm  Entered) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NUMBER 

EW-2-82 

4.  J\T\.E  (and  Subtitle)  A  TREATISE  OF 

EXERGY  AND  THE  SECOND  LAW  OF  THERMODYNAMICS 

S.  TYPE  OF  REPORT  &  PERIOD  COVERED 

January  81  -  January  82 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHORr*; 

Professor  Vincent  J.  Lopardo 

Mechanical  Engineering  Department 

8.  CONTRACT  OR  GRANT  NUMBER^sJ 

9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

United  States  Naval  Academy 

Annapolis,  Maryland  21402 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  ft  WORK  UNIT  NUMBERS 

n.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

U.  NUMBER  OF  PAGES 

57 

j  U.  MONITORING  AGENCY  NAME  ft  ADDR ESSf/f  d///ar«n<  from  ControtUng  Ottiee) 

15.  SECURITY  CLASS,  (of  thia  report) 

UCLASSIFIED 

tSa.  DECLASSI  FI  CATION/ DOWN  GRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (of  thia  Report) 

UNLIMITED 

17.  DISTRIBUTION  STATEMENT  (of  the  abetract  entered  In  Block  20,  if  different  from  Report) 

18.  SUPPLEMENTARY  NOTES 

19.  KEY  WORDS  (Continue  on  reverse  aide  if  neceeeary  and  Identify  by  block  number) 

Exergy,  Second  Law,  Available  Energy 

Availability,  Combustion 

20.  ABSTRACT  (Continue  on  reverae  aide  if  neceaaary  and  Identify  by  block  number} 

The  purpose  of  this  report  is  to  introduce  the  reader  to  the  concept  of 
exergy  via  the  previously  learned  concepts  of  reversibility  and  the  second  law 
of  thermodynamics.  Exergy  is  first  defined  in  general  and  then  evaluated  for 
energies  of  flowing  streams,  closed  systems,  heat  transfer  and  work  transfer. 
Some  applications  are  given  and  then  a  review  with  application  of  combustion 
principles  and  the  third  law  of  thermodynamics  follows.  The  paper  concludes 
with  some  comments  on  the  exergetic  effectiveness  of  systems. 

DD  1473  EDITION  OF  1  NOV  65  IS  OBSOLETE 


S/N  0102-  LF-014-  6601 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dete  Entered) 


ACKNOWLEDGMENTS 


The  work  for  this  paper  has  been  supported  in  part  by  both  the  United 
States  Naval  Academy  and  the  Naval  Ship  Research  and  Development  Center, 
Annapolis  branch.  It  is  primarily  the  results  of  a  series  of  seminars 
conducted  by  the  author  at  the  Catholic  University  of  America  during  a 
sabbatical  leave  period  from  the  United  States  Naval  Academy.  The  constructive 
criticism  and  suggestions  during  these  presentations  by  Dr.  William  Kelnhofer, 
Dr.  David  Didion,  and  Dr.  Enrico  Sciubba  is  gratefully  acknowledged.  Section 
III:  Combustion  and  The  Third  Law  is  a  bi-product  of  an  exergy  analysis  on 
gas  turbine  engines  which  was  done  for  Mr.  Rolf  Muench  of  the  Annapolis  branch 
of  Naval  Ship  Research  and  Development  Center,  in  the  summer  of  '81  and  his 
support  is  also  appreciated. 

During  this  summer  period,  the  many  discussions  with,  and  assistance  of. 
Dr.  Eugene  L.  Keating  were  invaluable.  His  critical  review  and  suggestions 
on  Section  III  added  considerably  to  its  accuracy  and  clarity. 

Additionally,  the  author  wishes  to  express  his  gratitude  to  Ms.  Inez 
Johnson  who  prepared  the  manuscript.  Without  her  skill  and  dedication  to  duty 
during  the  time  of  an  extremely  heavy  work  load,  this  paper  could  not  have 
been  completed. 


Aoeesslob  for 

iTis  <mki 
DTIC  IMS  □ 

Uoannoxinced  □ 

Justification _ _ 


By - - 

Plstrlbutloa/ 


Availability.  Codos 


•lat 


[Avail  fuadTlF 
Speolisa 


ABSTRACT 


The  purpose  of  this  report  is  to  introduce  the  reader  to  the  concept 
of  exergy  via  the  previously  learned  concepts  of  reversibility  and  the  second 
law  of  thermodynamics.  Exergy  is  first  defined  in  general  and  then  evaluated 
for  energies  of  flowing  streams,  closed  systems,  heat  transfer  and  work 
transfer.  Some  applications  are  given  and  then  a  review  with  application  of 
combustion  principles  and  the  third  law  of  thermodynamics  follows.  The  paper 
concludes  with  some  comments  on  the  exergetic  effectiveness  of  systems. 
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SECTION  I 


EXERGY  FUNDAMENTALS 


EXERGY  FUNDAMENTALS 


The  first  law  of  thermodynamics  defines  and  limits  the  magnitude 
of  energy  transformations,  that  is,  energy  can  be  neither  created  nor 
destroyed  but  must  be  conserved.  The  second  law  of  thermodynamics 
restricts  the  directions  of  energy  transformations  and  the  am.ount  of 
useful  work  which  can  be  obtained  from  a  given  amount  of  energy.  Review,  for 
example,  the  Clausius  statement  that  "heat  cannot  "flow  uphill"  by  itself" 
and  the  Kelvin  Planck  statement  that  "it  is  impossible  to  construct  a 
cyclic  engine  which  produces  no  effects  except  to  do  work  and  exchange 
heat  with  a  single  reservoir".  The  complete  analysis  of  any  process  must 
include  first  and  second  law  considerations.  A  useful  concept  that  combines 
both  the  first  and  second  laws  is  that  of  exergy  (or  available  energy). 

This  treatise  will  develop  this  concept  and  in  the  process  attempt  to 
answer  the  following  typical  questions;  "What  is  the  maximum  useful  work 
which  can  be  done  by  a  given  amount  of  energy?"  What  is  the  maximum 
amount  of  useful  work  which  can  be  obtained  from  a  heat  transfer  process?" 
and  "What  is  the  maximum  amount  of  work  which  can  be  done  by  a  given 
system  during  a  given  change  of  state?"  These  and  many  other  questions 
can  be  resolved  by  understanding  the  exergy  concept. 

Our  approach  will  be  to  consider  observed  First  and  Second  Law 
phenomena  and  to  deduce  a  practical  set  of  second  law  equations  which  are 
analogous  to  the  familiar  first  law  equations.  We  will  consider  how 
energy  changes  are  affected  by  our  surroundings  which  for  most  cases  will  be 
our  natural  atmospheric  environment  existing  at  a  temperature  and  pressure 
of  Tq  and  P^.  Also,  our  analyses  will  generally  be  simplified  if  we  use 
T-s  and  P-v  diagrams  along  with  our  knowledge  of  reversibility  whihc  in 
this  paper  refers  to  total  reversibility,  both  internal  and  external. 
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General  Observations  -  A  New  Statement 

The  First  Law  of  Thermodynamics  as  stated  for  a  general  control 
volume  in  the  absence  of  electrical,  magnetic  and  surface  tension  effects 
is  expressed  by  the  following: 

q  -  Q  +  m.  (e  +  pv)^  -  iTig  (e  +  pv)^  =  ^ 

where 

e  =;  u  +  -^  +  gz  and  is  (U  +  +  nig)^^ 


The  first  law  is  not  a  derived  law  but  one  postulated  on  a  number  of 
observances.  In  words  it  says  that  energy  is  conserved  i.e.,  the  sum 
of  the  energies  into  a  control  volume  whether  it  be  via  heat,  work,  or  a 
flow  stream  minus  the  sum  of  the  energies  out  is  equal  to  the  change  in 
the  energy  of  the  control  volume.  Another  observable  law,  generally 
referred  to  as  the  second  law,  is  one  that  states  that  although  energy  is 
conserved  it  always  tends  to  be  degraded.  That  is,  the  quality  of  the 
energy  goes  down  or  remains  the  same  in  an  isolated  system.  To  understand 
the  quality  of  energy  concept,  let  us  look  at  a  steam  turbine  which 
exhausts  to  the  atmosphere  with  an  inlet  line  containing  several  expansion 
valves  (Fig.  1). 
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Figure  1 
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If  we  view  this  process  on  an  h-s  diagram.  Fig.  lb,  we  see  that,  neglecting 
change  in  kinetic  and  potential  effects,  the  energies  at  1 ,  2,  and  3  are 
equal  but  that  the  work  obtained  (for  an  isentropic  turbine)  would  be  much 
larger  in  the  expansion  from  1-4"  than  3-4.  Although  all  points  4  are 
at  the  same  exhaust  pressure  and  hj  =  h^  =  h^  the  ability  to  produce  work 
was  greatly  reduced  by  the  use  of  the  throttling  valves.  Therefore  the 
quality  at  state  1  is  higher  than  that  at  2  or  3. 

From  observances  like  this  we  now  postulate  a  new  form  of  that  "law" 
which  states  "there  is  associated  with  every  unit  of  energy  in  a  given 
state  a  max/min  amount  of  useful  work  which  is  directly  related  to  its 
remoteness  from  a  state  of  equilibrium  with  its  environment." 

This  law  essentially  states  that  energy  not  in  equilibrium  with  but 
at  a  higher  level  than  its  environment  has  the  ability  to  produce  useful 
work  when  it  goes  from  its  initial  state  to  a  state  of  equilibrium  with 
the  environment  and  that  the  work  produced  can  be  maximized  (or,  that  energy 
at  a  lower  level  than  its  environment  can  be  brought  into  equilibrium  with 
its  environment  along  a  path  that  requires  a  minimum  amount  of  work). 
Implicit  in  this  concept  is  that^in  order  to  obtain  this  maximum  (or 
minimum)  work  only  reversible  processes  will  be  utilized.  This  maximum 
amount  of  work  will  be  known  as  the  Exergy  (Ex.  or  ex  or  Ex).  This  is 
often  called  Availability,  AvalTable  Energy,  etc. 

Let  us  now  look  once  again  at  our  system  concept  for  solving  problems. 

A  boundary  line  or  surface  is  drawn  around  the  volume  or  mass  under  study 
and  we  observe  the  energy  flows  across  that  boundary  as  well  as  the  energy 
changes  inside  the  boundary.  The  heat  transfer  term,  if  any,  is  associated 
with  a  thermal  reservoir  and  the  work  transfer  with  a  work  reservoir.  The 
thermal  reservoir  generally  consists  of  an  infinitely  large  constant 
temperature,  constant  mass  of  disorganized  energy.  The  fact  that  its 
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energy  capacity  is  so  large  justifies  the  constant  temperature  requirement. 
It  should  be  noted,  however,  that  not  all  of  the  energy  transfeerd  from 
a  thermal  reservoir  can  be  converted  to  useful  work.  The  work  reservoir 
or  mechanical  energy  reservoir  is  conceived  as  a  system  of  fixed  mass 
which  can  only  have  work  interactions  with  its  surroundings.  Energy 
transferred  into  a  work  reservoir  is  fully  recoverable  as  work. 

Exerqy  Transfer  from  a  Thermal  Reservoir 

The  question  to  be  resolved  here  is  "How  much  exergy  is  there  in  the 
energy  transferred  from  a  thermal  reservoir?  Another  way  of  stating  this 
question  is  to  ask  "what  is  the  maximum  work  obtainable  from  this  heat 
transfer?"  The  second  law  tells  us  that  the  maximum  amount  of  work 
obtainable  in  a  cyclical  process  must  occur  in  a  Carnot  cycle  which  is 
operating  between  two  reservoirs  -  in  this  case  the  thermal  reservoir  at 
Tp  and  the  environment  at  Tq.  The  work  or  exergy  for  this  energy  transfer 
is  therefore  equal  to  (1  -  ^)Q[^  as  also  seen  from  the  T-s  diagram. 


Figure  2 
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Exergy  Transfer  from  a  Reservoir  of  Finite  Size 

Unfortunately  not  all  energy  transfers  occur  from  the  ideal  thermal 
reservoir  with  its  constant  temperature  capability.  Many  applications 
in  engineering  utilize  finite  thermal  reservoirs  with  changing  temperature. 
Since  the  Carnot  cycle  produces  the  maximum  work  when  operating  between 
two  thermal  reservoirs,  we  must  now  conceive  of  a  system  as  shown  in  Fig.  3 
with  an  infinite  number  of  reversible  engines.  Each  engine  with  heat 
addition  at  the  local  temperature  of  the  reservoir  and  heat  rejection  at 
the  temperature  of  the  surrounding  Tq. 


f  f 

/  6Q[,  W  =  /  6W 

i  ^  i 


The  heat  transfer  from  the  reservoir  is  the  sum  of  the  heat  transfers 
"6Qp^"  to  each  of  the  incremental  reversible  engines.  The  work  which  can 
be  produced  from  that  heat  transfer  is  the  sum  of  the  individual  work 
terms  "6W".  The  area  i-f-h-j-i  represents  the  total  heat  transfer  and 
the  area  i-f-g-k-i  represents  the  work  transfer.  This  work  transfer  is 
the  maximum  which  could  be  produced  by  this  amount  of  heat  transfer  and 
is  therefore  the  "exergy"  associated  with  that  heat  transfer.  The  area 
k-g-h-j-k  represents  the  amount  of  the  energy  transfer  which  can  not  be 
utilized  for  work  and  is  known  as  the  unavailable  energy. 
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The  total  work  or  exergy  therefore  is  /6Qn  -  T^A.S^  with  AS  =  / 

i  R  0  1  f 

where  is  a  function  of  the  variable  Tp 

f  (6Qn)  f  T 

Exergy  =  /C6Qr  -  T  )  =  /(.I  -  5Qp 

i  K  1^  0  .  1^  K 

The  exergy  of  a  flowing  stream  with  energy  of  (e  +  pv) 

V2 

The  term  (e  +  pv)  is  usually  written  as  "h  +  -^  +  gz"  where  h  =  u  +  pv. 

Once  again  we  want  to  determine  the  maximum  useful  work-in  this  case  that 

which  can  be  obtained  from  a  flowing  substance  with  a  specific  energy  content  of 
uZ 

"h  +  -^  +  gz".  We  now  make  use  of  our  knowledge  of  reversibility  (total 
reversibility-both  internal  and  external)  and  of  the  T-s  diagram.  For  heat 
transfer  to  take  place  reversibly,  the  system  and  surroundings  must  be  in 
thermal  equilibrium,  that  is,  just  an  infinitesimal  temperature  difference 
between  system  and  surroundings  during  the  heat  transfer.  Thus  if  the 
interchange  is  with  a  reservoir  at  constant  temperature,  such  as  the 
environment,  then  the  system  must  undergo  a  reversible  isothermal  heat 
transfer  process.  If  work  interaction  is  to  take  place  reversibly,  it  may 
occur  in  conjunction  with  either  a  reversible  isothermal  heat  transfer 
process  or  an  adiabatic  process  but  in  either  case  must  not  include  any 
factor  such  as  friction  which  would  make  it  internally  or  externally 
irreversible. 

Refer  to  Fig.  4.  State  "i"  refers 
to  the  state  of  the  substance  and  state  "o" 
refers  to  the  condition  of  the  substance 
when  it  is  in  equilibrium  with  the 
environment  at  and  T^.  The  reversible 
process  joining  those  tv/o  is  i-a-o  and 
any  work  produced  by  this  process  is  the 
maximum  obtainable  or  the  exergy  of  state  i. 


The  exergy  is  simply  obtained  by  writing  the  energy  equation  for  that  process 
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h.  +  -4-  +  g  Z.  =  h„  +  -4-  +  g 


i%  "  a%  "  "^0  (^0  ■  ^4 


^•^0)  = 
^rev 


V.2  V  2 

,  =  h,  +  ^  t  g  Z,  -  -  -|-  -  g  Zo  +  Tq  (s„  -  s,) 


ex,  =  (h,  -  T^s,)  -  (li„  -  y„)  +  +  g(Z,  -  Z„) 


In  general  the  velocity  of  the  environment  is  considered  to  be  zero  and 
the  datum  for  potential  energy  is  considered  to  be  that  of  the  environment. 
With  these  considerations  it  is  obvious  that  all  of  the  kinetic  energy  and 
potential  energy  is  exergy.  The  remaining  portion  and  that  which  is  normally 
considered  for  negligible  kinetic  and  potential  effect  is 

ex,  -  Ch,  -  V,)  -  (h„  -  V^) 

mV  2. 

The  exergy  of  a  closed  (non-flow)  system  with  energy  of  (U  +  — ^  +  mgz) 


For  process  1-0 


I'Jo  -  l^o  '  “o  -‘'l  "  ■"  t"”  2  "  ”9  (^0  - 

lOo  =  -  Sa)  =  T„  (S„  -  S,) 


mV-]  2 

•••  l“o  =  <9l  -  Vl>  -  ("o  -  Vo)  *  —  "  ”9  Z, 

for  zero  kinetic  and  potential  effects  in  the  environment.  However  our 
definition  for  exergy  states  maximum  useful  work  and  -jW^  includes  work 
that  is  done  on  the  environment  which  is  not  recoverable.  The  magnitude 
of  this  work  is  (V^  -  V^)  =  (V^  -  V-j) 

mV  2 

EXl  =  CJl  -  Vl)  -  <“o  -  Vo)  -  "’P  (“o  -  V,)  +  —  +  mg  z, 


Exergy  Accounting 

A  general  exergy  accounting  for  a  control  volume  during  a  time  interval 
At  may  now  be  written  as 


Ex. 


or 


Ex-J  +  E  Ex^  (At)  -  E  EXg  At  =  EX2  + 

E  Ex^  -  E  EXg  -  (Ex)  +  EXp 

where  subscripts  1  and  2  refer  to  times  1  and  2,  i  and  e  refer  to  in  and 
exit  (out),  and  Exp  means  "exergy  destroyed,  dissipated,  or  lost"  due  to 
i rrevers i bi  1  i ti es . 

However,  the  value  of  exergy  accounting  is  not  with  the  unsteady  cases 
of  those  of  short  time  periods.  Most  systems  which  will  lend  themselves 
to  exergy  evaluations  are  either  steady  flow  or  closed  (non  flow)  and  their 
exergy  accounting  equations  follow: 

For  steady  flow  processes 

E  Ex^.^  -  E  EXq^^^  =  EXp 
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For  closed  systems  or  non  flow  processes 


"  E’‘out  °  *  ^'‘sys  ^  ^’‘d 


A  question  of  paths 

We  have  seen  how  we  defined  out  reversible  paths  for  convenience 
but  is  this  the  only  reversible  path  which  would  result  in  the  value  of 
exergy?  We  think  not,  because  all  the  terms  in  the  exergy  equations  are 
properties  and  are  not  path  dependent.  Therefore,  let  us  choose  another 
reversible  path  (path  B)  for  the  substance  to  follow  in  reaching  equilibrium 
with  the  environment. 


Neglecting  kinetic  and  potential  effects  and  considering  the  exergy  of  a 
flowing  stream  with  energy  (e  +  pv) ,  the  exergy  at  state  1  is 


eXi  =  (h-j  -  TqS-j)  -  (h^  -  TqSq)  as  obtained  using  path  A  ^ 
choosing  path  B  we  write  the  energy  and  exergy  equations. 

h-i  +  q  =  w  +  h^  (a) 

exi  +  exq  =  ex^  +  ex^  +  eXp  (b) 

The  definition  for  exergy  states  that  it  would  be  the  maximum  work  which 
could  be  obtained  from  the  substance  as  it  conceivably  went  to  an  equilibrium 
condition  with  the  surroundings.  That  value  of  w  in  equation  (a)  could 
obviously  vary  with  the  magnitude  of  the  heat  transfer.  That  is,  with  "q" 
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we  are  transferring  exergy,  and  the  magnitude  of  the  exergy  transferred  is 

/5q  (1  -  ^)  or  q  -  (S^  -  S^).  The  integral  /  4^  can  be  evaluated  since 

the  process  considered  is  reversible. 

Referring  to  equation  (b),  the  "exp"  is  zero  since  this  is  a  reversible 
path,  the  "cXq"  is  zero  since  it  is  our  equilibrium  state  and  the  "ex^"  is 
equal  to  w  in  equation  (a).  Hence. 

h^  +  q  -  h^  =  exi  +  exq  -  ex^  +  eXp 

substituting, 

h-i  +  q  -  ho  =  exi  +  q  -  To  (Sq  -  Si)  -  0  +  0 

^*^1  “  ^0^1^  "  ^*^0  “  '*'0^0^  ~  ®^1  obtained  previously  from 

path  A.  Therefore,  the  exergy  of  a  substance  at  a  given  state  is  always 
(h  -  TqS)  -  (hg  -  TqSq)  and  is  independent  of  the  reversible  path  chosen  to 
fulfill  the  requirements  of  our  definition.  However,  the  author  feels  that 
from  a  conceptual  viewpoint  it  is  best  to  consider  reversible  paths  which 
consist  of  isentropic  and  isothermal  processes. 
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Summary 


The  exergy  of  a  system  in  a  given  state  is  defined  as  the  maximum 
useful  work  which  can  be  obtained  from  the  system  -  environment  combination 
as  the  system  goes  from  that  state  to  a  state  in  equilibrium  with  the 
environment  while  it  may  only  exchange  heat  with  the  environment. 


Summary  of  Exergy  Equations* 


Energy 

Exergy 

Heat  transfer  from 
a  Thermal  Reservoir 
at  constant  Tj^ 

Or 

Exergy  =  (1  -  Qr 

Heat  transfer  from 
a  Thermal  reservoir 
at  varying  Tj^ 

(  % 

f  T 

Exergy  =  /  (1  -  ^)  6Qp 

i  'r  ^ 

Work 

w 

Exergy  =  W 

energy  of  flowing 
stream 

V2 

h  +  ^  +  gZ 

Exergy  =  (h  -  T^s)  -  (h^  -TpS^) 
y2 

+  -^  +  gz  with  zero  velocity  for 

the  environment  and 
elevation  datum  at  the 
environment. 

energy  of  closed 
system 

U  +  +  mgZ 

Exergy  =  (U  -  T^S)  -  (Uq-T^S^) 

-  mP  (Vq-v^)  +  2  +  nigZ 

(with  zero  velocity 
for  the  environment 
and  elevation  datu 
at  the  environment. 

*for  negligible  magnetic,  electrical,  and  surface  tension  effects. 
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Example  Problem  1 

A  thermal  reservoir  at  500°F  transfers  1500  Btu  to  saturated  liquid 
water  at  300  F  until  it  becomes  a  saturated  vapor  at  the  same  pressure. 
Consider  the  steam  to  be  in  a  piston  cylinder  arrangement,  and  find  the  exergy 
lost.  The  environmental  temperature  and  pressure  are  70°F  and  14.7  psia 


An  energy  balance  results  in  Q  -  W  =  aU 

and  since  W  =  /Pdy-  Q  =  AH  =  =  m  (h^g) 


1500  =  m  (910.4)  m  =  1.648  Ibm 

W  =  Q  -  =  1500  -  (1.648) (830. 5)  =  131.65  Btu 

EXg  +  EXj  =  EXj  +  Ex^i  +  EXp 

EXp  =  (1  -  ^)  =  (1  -  ||§)  1500  =  671.9  Btu 

R 

Ex,  =  (U,  -  T„S,)  -  CU„  -  -  mP„(v,,  -  V,) 

EXj  =  CU,  -  T„S,)  -  -  T,,S,)  -  mP„(v,,  -  V,) 

Ex,,  =  W  '  131.65  Btu 

w 

Subst. 

671.9  +  1.648  (269.52  -  530  x  .43720)  -  (U^  -  T^S^)-  ^-648  x^l4.7  x  1 4 4  ^ 


(.016051  -  .017448)  =  131.65  +  1.648  (1100.0  -  530  x  1.6356)  - 
1.648  X  14.7  X  144 


(U 


778 


(.016051  -  6.472)  +  Ex^ 


671.9  +  37.8  +  .01  =  131.65  +  384.2  +  28.95  +  Ex^ 


164.9  Btu  =  EXp 
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Example  Problem  2 

A  steadily  flowing  stream  obtains  energy  from  a  high  temperature 
thermal  reservoir.  Neglect  kinetic  and  potential  effects  and  determine 
Ca)  the  change  in  enthalpy  of  the  stream  substance  and  (b)  the  exergy  destroyed 
in  the  process.  The  environment  temperature  is  T^. 


units  of  energy  per 
unit  mass  of  flowing  stream 


2000°R 


Example  Problem  3 


Consider  the  Rankine  cycle  shown  below  and  calculate  the  destroyed 
exergy  of  the  cycle.  The  environmental  temperature  is  530°R 


The  exergy  equation  is 

(1  -  Qb  +  Wp  =  Wt  -  (1  -  f)  Q,  +  EXp 

+  5  =  400  Ml  -  ||§)  605  +  EXb 
735  +  5  =  400  +  1 1 . 2  +  Ex^ 

EXp  =  328.8  Btu/s 


With  740  Btu/s  of  exergy  supplied  44.4%  was  destroyed  or  lost. 


Surrounding  at 


Example  Problem  4 


Determine  the  destroyed  or  lost  exergy  of  the  counterflow  heat  exchanger 
shown  below.  The  surrounding  are  at  and  neglect  kinetic  and  potential 
effects. 


The  exergy  equation  is 

but 

m  =  m^  =  iTin  and  m.  =  m,  =  m„ 
1  2  H  3  4  c 


US  -  -  V„)]  -  J.„  [(h,  -  T„sp  -  (.h„  -  = 

™c  -  V,)  -  C-o  -  Vo>l  -  ”c  -  V„)]  +  Ex 

From  the  energy  equation 

itIh  (hi  -  h^)  =  m^,  (h^  -  h^) 

and  subst;  obtain 

"h  IV2  -  Vil  *  "c 

which  can  be  written  as  T„  ZAS. 


During  a  specific  interval  of  time  a  perfect  gas  rejects  heat  in  an 


internally  reversible  constant  pressure  process  to  a  large  thermal  reservoir 


at  Tn.  Assume  that  there  are  negligible  kinetic  and  potential  effects  and 
that  the  temperature  of  the  surroundings  is  T^.  Determine  the  exergy  destroyed 
for  systems  A  and  B. 


(a) 

(b) 

(c) 


Subst,  in  eq  (c) 

m  [Ch,  -  T^s,)  -  (.h„  -  -  (hg  -  T^Sg)  +  Ch„  -  T^s^)]  + 

li  (hg  -  h,.)  -  li  (Vg  -  T„s,)  =  Ex„ 

.  ■ .  EXp  =  0 

Therefore  we  obtain  what  we  should  have  expected  -  that  by  looking  only  at 
system  A  no  exergy  was  destroyed.  All  of  the  energy  leaving  the  heat  exchanger 
could  be  directed  to  a  series  of  reversible  engines  and  could  be  completely 
utilized. 

b.  Now  let  us  look  at  system  B  which  includes  the  reservoir 

m.  ex-  -  m  ex  =  i  (EXp)  +  E*Xn  since  all  properties  of  sub-system  A 
^  ®  ®  ^  are  constant 

m  dt  (ex^.  -  eXg)  =  d(,EXj^')  +  EXp  dt 

During  time  interval  At 

Ex-  -  Ex„  =  AEXp  +  EXn 
1  e  K  u 

For  a¥  of  Reservoir  negligible 

'  C(“r  -  Vr>  -  fl'o  -  Vo»a  -  [(‘'r  -  Vr>  -  <"o  -  Vo>]i 
("1  -  Vl>  ■  ■  Ve>  '  (^R  -  Vr>2  -  ("r  -  Vr>i  ^  E-'d 

From  the  energy  equation 

"i  N  -  “e  ''e  “  ^  <“!r 
for  a  given  At 

«i  -  «e  '  '‘'r>2  - 
. * .  Subst  we  obtain 

-  Vi  +  =  -  T^CSr)^  +  +  EXq 

EXd  =  (S,  -  s,)  +  T„  ECS,),  -  cs„)p 

^  ^0 

where  IAS  is  the  sum  of  the  entropy  change  in  the  stream  and  the  reservoir 
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GRAPHICAL  REPRESENTATION 


At  this  point  in  the  development  of  exergy  it  may  be  useful  to  see  a 
graphical  interpretation  of  exergy  destroyed  or  dissipated  in  a  heat 
exchanger.  Consider  two  streams  of  flowing  fluid  in  a  counterflow  heat 
exchanger.  The  high  temperature  stream  loses  energy  as  its  temperature 
decreases  from  1^  to  2^  and  the  low  temperature  stream  gains  energy  as  its 
temperature  rises  from  1^  to  2|_.  The  area  under  the  process  lines  represent 
the  heat  transfer  and  are  equal.  That 
is:  a  +  b  +  c=  b  +  C  +  d+e.  The 
exergy  of  the  energy  flowing  from  the 
high  temperature  streams  is  a  +  b 
while  that  of  the  low  temperature 
stream  is  b  +  d.  The  difference 
between  the  two  is  the  exergy 
dissipated  or  destroyed 


eXp  =  a  +  b  -  b  -  d  =  a  -  d 


Substituting  for  a  we  see  that 


eXj^  =  d  +  e-  d  =  e 


i.e.,  the  area  "e"  is  the  exergy  destroyed  and  is  equal  to  T^CS^^ 


Sj  )  + 

\ 


TAS^  -  Si  )  or 


eXp  T^  eaS 
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SECTION  II 


COMBUSTION  AND  THE  THIRD  LAW  OF  THERMODYNAMICS 


Many  mechanical  engineering  analyses  involve  processes  where  the  energy 
transfer  is  a  result  of  the  chemical  reaction  of  fuels  in  an  oxygen  rich 
environment.  The  oxidation,  or  combustion,  process  is  an  important  aspect 
of  Thermodynamic  Analysis  and  a  brief  review  is  in  order. 

Combustion 

Combustion  will  refer  to  a  fairly  rapid  oxidation  reaction,  usually 
accompanied  by  a  flame,  which  occurs  due  to  energetics  between  the  fuel  and 
oxygen  (usually  air).  The  molecules  of  a  fuel  (usually  a  hydrocarbon  C^^Hy) 
have  a  certain  amount  of  energy  stored  in  the  bonds  between  the  atoms  -  some¬ 
times  considered  as  a  chemical  potential  energy.  When  new  compounds  are 
formed  in  a  chemical  reaction  bonds  are  broken  and  this  energy  is  released. 

We  must,  therefore,  consider  this  chemical  potential  energy  when  we  write 
our  energy  equation  for  a  reaction  process.  In  most  cases  we  do  not  include 
the  chemical  energy  released  in  a  process  because  the  processes  under  consideration 
involve  those  of  constant  chemical  compositions  and  no  chemical  reactions 
take  place.  For  example,  liquid  H2O  is  evaporated  in  a  phase  change  to  vapor 
H^O  but  the  chemical  composition  remains  H2O.  We  will  now  see  how  to  evaluate 
the  energy  for  reaction  processes  where,  for  example,  carbon  reacts  with 
oxygen  and  forms  a  completely  different  product  carbon  dioxide  (C  +  O2  -»■  CO2). 
Enthalpy  of  Formation  and  Heat  of  Combustion 

As  an  example,  let  us  consider  the  stoichiometric  combustion  of  methane 
(CHj^)  in  a  steady  flow  constant  presssure  process.  A  stoichiometric  or 
theoretical  reaction  requires  the  complete  combustion  of  all  the  combustible 
elements  with  just  the  right  amount  of  air,  i.e.,  no  0^  is  present  in  the 
products  of  combustion.  The  air- fuel  mixture  enters  at  T^  and  the  products 
of  combustion  leave  at  T2.  We  would  like  to  know  how  much  heat  is  transferred 
from  the  process  if  there  is  no  work  transfer. 
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The  reaction  equation  is 

CH^  +  2(0^  +  3.76N2)  ^  CO2  +  2H2O  +  7.52N2 

and  the  energy  equation  for  negligible  kinetic  and  potential  effects  is 

Q  +  Hp  =  Hp  ,  Q  =  Hp  -Hp  where  the  subscripts  "P" 

and  "R"  refer  to  products  and  reactants.  Although  this  is  a  simple  equation 
to  work  with  the  difficulty  will  be  to  evaluate  the  enthalpies.  Since  we 
are  not  dealing  with  a  substance  of  fixed  chemical  composition,  we  no  longer 
can  arbitrarily  establish  a  value  of  zero  enthalpy  for  each  species  which 
may  occur  and  just  determine  the  change  of  a  property  from  one  state  to  another. 

The  chart  of  the  combustion  of  reactants  and  the  subsequent  products 
in  a  steady  flow  process  is  shown  below.  The  actual  path  is  from  1  to  2  as 
shown  by  the  dashed  line.  Note  that  Q  in  the  above  equation  is  heat  transfer 
across  the  system  boundary  and  not  the  chemical  potential  energy  liberated  in 


The  state  points  1  and  2  refer  to  the  condition  of  the  substances 
as  they  enter  and  leave  a  designated  control  volume.  If  the  reactants 
had  not  changed  composition  the  change  in  enthalpy  could  be  determined 
by  staying  on  one  curve  only  which  would  have  represented  both  re¬ 
actants  and  products.  Unfortunately,  that  is  not  the  case.  In  order 
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to  get  around  the  problem  of  a  common  datum  we  assign  a  value  of 
zero  enthalpy  to  all  elements  which  exist  naturally  at  standard 

temperature  and  pressure  (STP).  For  example  C^,  H2»  O2,  N2  . 

but  not  0,  N,  H,  .  The  elements  can  then  be  combined,  eg. 

C  +  2H2  ->■  CH4  and  the  energy  required  for  the  formation  of  the  new 

compound  at  STP  can  be  experimentally  determined.  This  experi¬ 
mentally  determined  value  is  known  as  the  heat  of  formation  and  is 

denoted  by  h^.  The  superscript  is  to  denote  that  the  value  was 

obtained  at  STP.  For  CH4,  h|  =-32,179  Btu/lbmole  and  correspond 
to  point  "A"  on  the  chart.  This  includes  the  other  reactants 
also  since  the  enthalpy  of  formation  for  O2  and  N2  are  zero  at 
STP.  The  value  of  the  enthalpy  at  "1"  then  is  just  h^  at  "A" 
corrected  for  the  enthalpy  difference  of  the  reactants  for  a 
temperature  difference  of  "A"  to  "1".  The  enthalpy  of  formation 
is  negative  in  this  case  because  heat  was  transferred  out  in 
order  to  keep  the  temperature  constant  (usually  77°F/25°C). 

The  magnitude  of  point  "B"  on  the  chart  is  equal  to  the  heat 
of  formation  of  the  products  CO2,  2H2O,  and  7.52N2.  The  ex¬ 
perimental  values  are  (1  mole).  (-169,183  Btu/mole),  2  moles 
(-103,968  Btu/mole)  and  7.52  moles  (0  Btu/mole)  for  a  total 
value  of  -377,019  Btu  or  -377,019  Btu/mole  of  fuel.  The  differ¬ 
ence  between  the  enthalpies  at  "A"  and  "B"  is  called  the  "heat  of 
reaction"  aHj^,  for  a  reaction  taking  place  at  STP.  Writing  the 
energy  equation  in  more  detail 

5  *  "CH4  ("f  ^  \  <'’f  '''’^02  "N2  '"f  ^ 

"cOj  (hj  +  (hj  +  (h^  + 
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The  Ah  terms  are  the  sensible  portions  from  T  (1  or  2)  to  standard 

T  (537°R).  The  energy  equation  can  also  be  written  as 

Q  +  E  n.  (h°)  -  z  n,  (hp  +  z  (n.Ah.)  z  (n.Ah.) 
rIT  pOT  rTI  pJJ 

or 

Q  +  nAHp  +  Zp  (n^.Ah^.)  Zp  (njAhj) 

The  value  of  AHp  can  be  obtained  experimentally  by  the  complete  com¬ 
bustion  of  a  fuel  at  standard  temperature  and  pressure.  In  the  case 
of  the  complete  combustion  of  methane  at  STP,  the  first  law  becomes 

Q  “  =  (-377,019)  -  (-32,179)  =  -344,840  Btu/mole 

This  is  also  known  as  the  Tower  heating  value  of  the  fuel.  The 
modifier  "lower"  is  used  if  the  H2O  is  a  gas  and  "higher"  is  used  if 
the  H2O  is  liquid. 

Going  back  to  our  original  problem  we  see  that  to  obtain  H2  - 
we  can  evaluate  Hi  as  +  (Hi  -  H^)  and  H2  as  Hg  +  (H2  -  Hg)  and  after 
substituting  and  rearranging  we  obtain  (Hg  -  H^) + (H2  -  Hg)p  -  (Hi  -  H^)p. 

That  is,  AHp  +  (H2  -  Hg)p  -  (Hi  -  H^)p'=^'  Q.  The  values  of  H2  -  Hg  or 

Hi  -  are  determined  in  the  usual  conventional  manner  for  a  substance  of 
fixed  composition. 

The  quantity  (H^  -  H^)p  consists  of  two  parts,  the  air  and  the  fuel. 

(Hi  -  can  be  obtained  from  the  Gas  Tables  (Table  No.  l)or  JANAF  data 

with  Hi  at  the  temperature  of  the  inlet  air  and  H^  at  537°R.  (Hi  - 
can  be  obtained  from  Cp  data  for  the  fuel  and  represents  the  sensible  heat 
change  of  the  fuel.  (H^  -  Hg)p  is  obtained  from  tabulated  data  -  for  example 
Gas  Tables  4  or  7  (or  linear  interpolation  between  the  two  tables). 
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However  the  engineer  is  usually  faced  with  problems  for  which  the  data 
may  only  be  90%  or  95%  correct.  He  therefore  often  simplifies  the  solution  by 
neglecting  the  Hy^  and  Hg  terms.  This  may  be  valid  because  most  combustion 
processes  of  interest  occur  with  excess  air  and  the  contributing  factor  of 
the  nitrogen  in  both  the  inlet  and  exit  enthalpies  dominates.  A  comparison 
of  the  tables  at  537°R  will  readily  support  this.  Additionally,  the  fuel 
often  enters  at  tem.peratures  close  to  the  standard  temperature  of  537°R  and 
its  enthalpy  difference  is  negligible.  The  energy  equation  for  an  approximate 
solution  is  then  written  as 

Q  -  W  +  m^h^  +  m^  (LHV)  =  nipHp 

where  subscripts  a,  f,  and  p  refer  to  air,  fuel,  and  products. 


Example  Problem  1 

Dodecane  (C^qH22)  is  burned  at  constant  pressure  in  a  fuel  air  ratio  of 
.0187.  The  inlet  air  is  at  1173. 4°R  and  177.1  psia,  the  fuel  enters  at 
560°R»  the  products  of  combustion  leave  at  2358°R.  The  lower  heating  value 
of  the  fuel  is  19,020  Btu/lb  and  Cp  =  .535  B/lb  °F  =  76.12  B/mole  °F. 
Determine  the  heat  transfer  using  sev^eral  methods  on  the  order  of  recommended 

accuracy. 

Solution: 

^10^22  ^  3.76N2)  10  CO2  +  (?)  n  H2O  +  ?  O2  +  ?  N2 

_  (1)(142.286)  _ 

•0187  =  x(l5.5)("3^+  x(15r5)(3.76)(38.dl6) 


X  =  3.57 

357°  theoretical  air  and  the  combustion  equation  is: 

C  H  ^  +  55.34  0„  +  208.06  N„  ^  10  CO2  +  11  H2O  +  38.84  O2  +  208.06  N2 

1 0  2. 2  2  Z 
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Method  1 


The  energy  equation  is: 


Q  +  Hn  =  Hn  or  Q  +  z  n.  (hf°  +  Ah) 
R  P  R  1  ^ 


2  n-  (h-r  +  Ah) 
p  J  ‘ 


^10^22-  (1)[-72,875  X  1.8001  +  (76.12)(23)]  =  -129,432  Btu 

0^:  55.34[0  +  4704]  =  +240.296  Btu 

N2:  208.06[0  +  4506]  =  +937,518  Btu 


H|^  =  1068381  B/mole  of  fuel  . 

*Values  of  (h  -  h^^^)  are  available  in  the  JANAF  tables. 


CO^:  10[-169,297  +  21825]  =  -1,474,720. 

H20:  llC-104036  +  16931]  =  -958,155. 

0^:  38.84[0  +  14503]  =  +2850422. 

Hp  =  980844  B/mole  of  fuel 
Q  =  Hp  -  Hr  =  -87538  B/mole  =  -615  B/lb  fuel 

Note  that  if  we  use  the  h^°  values  from  above,  the  lower  heating  value  can 
be  obtained 

Q  +  l[-72,875  X  1.8001]  =  10[-169,297]  +  11[-104036] 

Q  =  -2706184  B/mole  fuel 
=  —19,019  B/lb  fuel 

LHV  =  19,019  this  checks  with  JANAF  data. 


Method  2: 


Writing  the  energy  equation  with  the  LHV  term 
Q  +  LHV  +  =  AHgp 

where  subscript  S  refers  to  the  sensible  portion  of  AH. 

Q  +  (19,020)(142.286)  +  [(76.12)(23)  +  (55.34)(4704)  +  (208.06)(4506) ] 
=  [(10)(21825)  +  (11)(16931)  +  (38.84)(14503)  +  (208.06) ( 13700) ] 
and  Q  =  -78057  B/mole  fuel  =  -615  B/lb^^^-, 

Method  3: 

Same  as  method  2  except  that  Gas  Tables  are  used  for  values 
From  tables 

air  h  @  1173. 4°R  =  284.5 
h  @  537°R  =  128.3 
Ah  =  156.2 

Products: 

@357%,  h  @  2358  =  17989  B/mole  =  621  B/lb 
@357%,  h  @  537  =  3753  B/mole  =  129  B/lb 
Ah  =  491 

Q  +  19,020  +  +  (.535)(23)  =  491 

Q  =  -637  B/lbf„^, 
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The  Third  Law  of  Thermodynamics 

The  Third  Law  of  Thermodynamics  forms  the  basis  for  our  calculations  of 
absolute  values  of  entropy.  A  formal  statement  of  the  third  law  is  "the 
entropy  of  a  pure  substance  in  complete  thermodynamic  equilibrium  becomes 
zero  at  the  absolute  zero  of  temperature." 

For  our  purposes  it  provides  an  absolute  base  from  which  we  can  compute 
entropy  which  is  required  in  the  exergy  calculations.  Absolute  values  of 
entropy  at  77F  (25C)  and  1  atm  pressure  are  tabulated  for  a  number  of  substances. 
Additionally,  some  entropies  have  also  been  tabulated  for  substances  at 
temperatures  other  than  77F.  The  absolute  entropy  at  1  atm  is  usually  designated 
as  S°  with  the  temperature  designated  as  a  subscript.  The  entropy  at  a  different 
pressure  or  temperature  is  found  from  Sj  p  =  Sj  +  q/T^^P/T 

refers  to  the  change  in  entropy  from  the  tabulated  value  to  that  at  the  desired 
temperature  and  pressure  and  is  calculated  in  our  usual  manner. 

For  example,  consider  the  case  where  the  entropy  of  CO^  is  required  at  a 
temperature  of  900°R  and  1  atm.  pressure 

^2  ^2 
AS  =  C  iln  y —  R  irx 
P  1 1 

Assume  for  our  purposes  that  Cp  =  .220  B/lb  °R  =  9.682  B/lbmole  °R 

AS  =  9.682  £n  -  R  £n  y 

=  5.00 

S  =  S°  +  AS  =  51.072  +  5.00  =  56.07  B/lbmole  °R 
A  more  accurate  value  of  C  for  this  temperature  range  could  result  in  an 

r 

entropy  value  of  56.112.  These  values  are  available  in  tables.  If  the  final 
pressure  was  some  value  other  than  atmospheric  the  term  "-R  5,n  would 

have  to  be  included  with  being  atmosphere  and  the  pressure  of  the  substance 
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Reference  State  for  Reactions 


It  now  appears  that  the  exergy  of  a  combustion  process  can  be  found 
rather  simply  since  we  know  how  to  calculate  all  the  terms  and  we  have 
established  referenced  states  that  are  compatible.  This  is  not  completely 
true.  Recall  that  the  exergy  of  a  system  referred  to  the  maximum  work  which 
could  be  obtained  from  that  system  when  it  went  to  a  condition  of  equilibrium 
with  the  surroundings.  What  would  that  condition  be  for  a  reaction  process? 

We  now  decide  that  for  a  system  which  consists  of  substances  which  will 
react  and  experience  a  change  in  composition  that  the  reference  state  for 
the  reactants  will  be  the  products  of  a  stoichiometric  combustion  in  the  form 
of  H^O  {a),  CO^  (9)5  0^  (9)  etc.  each  pure  and  in  their  normal  state  at 

standard  temperature  and  pressure. 
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Example  Problem  2 

Determine  the  exergy  of  propane  (g)  and  air  at  a  pressure  and  temperature 
of  14.7  psia  and  77°F.  Consider  a  flow  process  with  negligible  kinetic  and 
potential  effects. 

Solution 

To  find  the  exergy  we  must  obtain  (h  -  T^S)  -  (hg  -  T^Sg)  where  the 
second  bracketed  term  refers  to  the  products  of  a  stoichiometric  combustion 

with  each  component  at  STP. 

CoHo 
3  8 

- -JIM 

Air  1 

- - W 


Products 

- 


The  reaction  equation  for  1  mole  of  propane  is 

CgHg  +  5  (O2  +  3.76  N2)  ^  3  CO2  +  4  H2O  +  18.8  N2 
Let  us  tabulate  the  values  of  enthalpy  and  entropy  which  can  be  directly 
obtained  from  tables  eg.  -  the  JANAF  tables. 


h(Btu/lbmole) 

C,H„  -  44.676  =  hf° 

CO  0  8  T 

§  O2  0  = 

1  N,  0  =  h/ 

T„{»R) 

536.7  ■ 

II 

n 

S  Btu/lbmole  °R 

S°  +  AS  =  64.51  +  AS 

"  =  49.004  +  AS 

"  =  45.770  +  AS 

CO2  -  169.297  =  hf° 

00 

II 

Sj°  =  51.072 

0  H2O  -  122,971  =  hf° 

Q 

II 

S^°  =  16.716 

PRO 

N> 

0 

It 

zr 
— b 

0 

II 

Sj°  =  45.770 

To  find  the  AS  values  for  the  reactants,  we  assume  perfect  gas  behavior 
and  calculate  AS  using  a  mean  value  of  specific  heat: 

T„  P2 

=  C  J,n  ^  -  R  )in  ^  with  P2  =  partial  pressure  and  P^  =  total  pressure 
P  >1 


II-IO 


IBVIIJ 


D  LU 


../  nj  -  r/  -  R£n  P/P j  (ibmole  °R^ 


CgHg  1  .04032  6.38 

0^  5  .20161  3.18 

18.8  .75806  0.55 

The  (h  -  TpS)  of  the  reactants: 

CgHg!  (1)  [-44,676  -  536.7  (70.89)]  =  -82,723 
5  O2:  (5)  [0  -  536.7  (52.18)1  =  -140,025 

18.8  18.8  [0  -  536.7  (46.32)]  =  -467,367 


S°  S 

64.51  70.89 

49.004  52.18 

45.77  46.32 


The  (hjj  -  TqSq)  of  the  products  of  the  theoretical  reaction,  each  at  STP. 

3  CO^:  3  [-169,297  -  536.7  (51.072)]  =  -590,122 

4  H2O:  4  [-122,971  -  536.7  (16.716)]  =  -527,770 

18.8  N2:  18.8  [0  -  536.7  (45.770)]  =  -461,817 

.'.  The  exergy  of  the  reactants  per  mole  of  propane  is 
EX  =  E  (h  -  T„S)  -  E  (h„  -  T„S^) 

=  -690,115  +  1,579,710  =  889,595  Btu/mole  of  propane 
=  494  K  cal/gm  mole 


Example  Problem  3 


Determine  the  exergy  of  propane  (g) ,  oxygen,  and  nitrogen  each  at  a 
pressure  and  temperature  of  14.7  psia  and  77°F.  Consider  a  flow  process. 
Solution 

This  is  the  same  problem  as  before  except  that  we  are  letting  each  of 
the  reactants  exist  at  standard  temperature  and  pressure.  All  values  of  "h"  and 
"S"  have  been  previously  obtained,  therefore 
h  -  TqS  of  the  reactants 

CgHg:  0)  [-44,676  -  536.7  (64.51)]  =  -79,299 
5  O2:  5  [0  -  536.7  (49.004)]  =  -131,502 

18.8  N2:  18.8  [0  -  536.7  (45.77)]  =  -461,817 

The  (hp  -  TqSq)  of  the  products  of  the  theoretical  reaction,  each  at  STP 
as  before 

3  CO2:  -590,122 

4  H^O:  -527,770 

18.8  -461,817 

Ex  =  -  672,617  +  1,579,709  =  907,091  Btu/lbmole 

=  •■503.7  K  cal/gm  mole 
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Gibbs  Function 


The  term  (h  -  TS)  is  known  as  the  Gibbs  function.  The  two  properties 
h  and  S  are  evaluated  at  the  temperature  T  and  the  Gibbs  function  of 
formation,  G^°  has  been  evaluated  for  various  substances  in  the  same  manner 
as  the  enthalpy  of  formation  "hf°"  at  standard  temperature  and  pressure. 

The  Gibbs  function  at  any  other  state  can  be  evaluated  by  solving  for  the 
difference  between  the  function  at  STP  and  the  function  at  the  desired 
temperature  and  pressure.  With  these  tabulated  values  of  G^°,  the  exergy  at 
STP  of  a  substance  can  be  easily  found  by  taking  the  difference  between  the 
Gibbs  function  of  formation  of  the  substance  and  the  Gibbs  function  of 
formation  of  the  stoichiometric  products  at  STP. 

Ex  (C^HyO^)  =  Gf°  (of  -  [x  Gf°  (CO^  gas) 

+  ^  G^°  (H2O  liq)] 

Note  that  no  mention  is  made  of  O2  and  N2  since  the  G^°  (O2)  =  G^°  (N2)  =  0 
at  STP. 

I 

Example  Problem  4 

Find  the  exergy  of  propane  at  STP  using  the  Gibbs  function  technique. 
gf°  (CgHg)  =  -10,105  B/lbmole 
gf°  CCO2  gas)  =  -169,677  B/lbmole 
gf  (H2O  liq)  =  -102,042 

Ex  =  -10,105  -  [3  (-169,677)  +  4  (-102,042) 

=  907,094  Btu/lbmole 
=  503.7  K  cal/G  mole 

This  is  exactly  the  value  obtained  in  the  previous  example  and  only  about  2% 
different  from  the  first  one  certainly  within  the  range  of  experimental  error. 


Example  Problem  5 

Let  us  now  consider  a  reaction  of  methane  and  air  which  takes  place  adiabatical ly 
with  400  percent  theoretical  air.  The  exergy  for  the  products  which  leave 
at  a  temperature  of  1830R  is  desired. 

Solution 

The  combustion  equation  is 

+  4(3)  (O2  +  3.76  N2)  ^  2  CO2  +  (2)  H2O  +  9  O2  +  4(3  x  3.76)  N2 
The  exergy  of  the  products  is  obtained  by  obtaining  (h  -  TqS)^  -  (h^  -  ^^5^)^^^^  state 

The  theoretical  conversion  of  the  products  to  the  ref.  state  is: 

(2  CO2  +  2  H2O  +  9  O2  +  45.1  ^  (2  CO^  +  2  H^O  (il)  +  9  O2  + 

'''2^each  at  536. 7R  &  14.7 

1830°R  at  536.7 


h  -  h^ 

S 

h  -  h^ 

So 

co^ 

14,750 

64.546 

0 

51 ,072 

H20 

11 ,466 

55.75 

0 

45,106 

02 

10,012 

58,321 

0 

49,004 

N  ■ 

9,460 

54.628 

0 

45,770 

EXp  =  2  [14,750  -  536.7  (64.546)  -  (-536. 7) (51 .072) ] 

+  2  [11,466  -  536.7  (55.75)  -  (-536. 7) (45. 106)] 

+  9  [10,012  -  536.7  (58.321)  -  (-536. 7) (49.004) ] 

+  45.1  [9460  -  536.7  (54.628)  -  (-536.7)(45.770)] 
=  ?83.8q9  Btu/lbmole  of  fuel 
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Since  many  engineering  applications  are  such  that  the  lower  heating 
value  of  the  fuel  is  known,  it  becomes  prudent  to  investigate  its  use  in 
exergetic  calculations.  Consider  the  general  case  of  an  air-fuel  mixture 
entering  a  combustion  chamber  at  some  temperature  "T"  with  the  products 
leaving  at  temperature  Tp. 

The  following  equations  may  be  written  for: 
a.  (h  -  TqS)  of  the  reactants 

nf(hf°  +  +  n  (hf°  +  Ah)^^  +  n.  (hf°  +  Ah)^  - 

Tf-537 

'^f'^o^fuel  "  "^ojo^o^  ■ 


(IIq  -  TQSQ)of  the  products  at  with  H^O  liquid 


"C0„  "  Vo^CO  0  ■  Vo^H  0 

2  Tq-537  2  2  z  Tq-537 

%  [hf°  -H  Ah)  -  +  n^  [(h/  +  Ah)  -  T^S^] 


To- 537 


To-537 


(h  -  TqS)  of  the  products  at  Tp 


■^CO  ^^^f°  “  ''^o^^CO,  ‘‘‘"ho  '''  0 

^  Tp-537  ^  Tp-537  (3) 

%  [hf°  +  Ah)  -  Vlo  H-  n  [(hf°  +  Ah)  -  ToS] 

^  Tp-537  Tp-537 

EX  REACTANTS  is  eqn  (1)  -  eqn  (2) 

EX  PRODUCTS  is  eqn  (3)  -  eqn  (2) 

EX|^  is  eqn  (1)  -  eqn  (3)  for  negligible  kinetic  and  potential  effects. 


Exerqy  of  REACTANTS  = 


^  T-537  T-537 


~  '^co^  ■  %2  ^^02 


T-537 


T  -537 
0 


T-537  T-537 

0  0 


°2  °0^  ^2 


COMBINING  TERMS  &  IF  T^  =  537  R 

[HHV]+nf(Ahf  -  T^S)^+  (Ah  -  T^S)^.^  + 

Tf-537 

^  "p(  Vo^Prod  =  ^  (T^  =  537) 

(liq.H^O) 


EXERGY  OF  REAC.  IF  T^  f  537 

=  (HHV)  +  nf(Ahf  -  T^S)^  +  (Ah  -  T^S)^.^  -  E  np  [Ah  -  T^S^Jp^^^ 

T^-537  Tg-537  Tq-537 

where  properties  at  T^  are  for  liq.  H^O 

EXERGY  OF  PRODUCTS  =  (Temp  =  Tp) 

"CO  ■  V  ^  Ah  -  Ah  -  TqS  +  TqSq]  + 

^  Tp-537  Tq-537  Tp 

"h  0  ~  ^f°  +  -  Ah  -  TqS  +  T^^Sq]  + 

^  liq  Tp-537  Tq-537  Tp 

"o  -  Ah  -  T^S  +  T^S^]  + 

^  Tp-537  Tq-537  Tp 

"n  ■  ^f°  +  Ah  -  Ah  -  TqS  +  T^S^] 

^  Tp-537  Tq-537  Tp 
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EXERGY  OF  PRODUCTS  IF  =  537 


"h,0  [h/]^  '^Prod  "  ^0  "  ^o^^Prod 

^  f  T-537 


EX  =  n,: 


H2O  [h/]  ^  "prod  ~  V^Tp  ■  "  Vo^^Prod  * 


To=537 


EXERGY  OF  PRODUCTS  IF  T^  537 


^H^O  [hf°] 


”  "h,o  [h.° 


1  .  [IIt  -  h[-o7  "  h-r  +  h[-Q7  -  T  St  +  T.S  ] 

prod  *-  Tp  537  T^  537  0  Tp  0  o-^ 


]“  *  ^  "prod  [(\  -  Vt„>  -  -  Vo’l* 


*where  properties  at  T^  are  for  liq  H^O 


FOR  T^  =  537 
0 

IF  WE  COMBINE  TERMS  AND  GROUP  IN  A  MORE  CONVENIENT  WAY,  WE  OBTAIN  FOR  THE 
EXERGY  BALANCE  ON  A  BURNER  EXp  =  EXp  +  EX^  (CONSISTENT  UNITS  MUST  BE  CAREFULLY 
MAINTAINED) 

-  "h,0  [h/]®>  *  "f  ■  V>f  *  "a1r  -  V>afr  * 
f  Tf-537 

^  "p  (Vo^prod  "  ^  "prod  VHp  "  "  Vo^537^  "  ^^D 


LHV  .  (Ah,  -  T^S)^  + 


T.p-537 


T-537 

a 


-  E  rip  (Ah  -  TqS)  -  EXj^ 

Tp-537  Tp 


In  some  reports  the  terms  above  are  pictured  as  exergies  related  to  particular 
streams  or  lines.  Care  must  be  taken  in  the  interpretation  of  these  values. 


11-17 


FOR  f  537 
0 


EXj3=  HHV  +  (Ahf  -  V)^+  (Ah  - 


Tf-537 


T  -537 

a 


^  “  Vo^P  ■  "h  o  ^  "P  ■  Vlp^  “ 

T^-537  0  2  ^  P  P  0 


EXp  =  LHV  +  (Ahf  -  TqS)^  +  (Ah  -  + 


Tf-537 


Ta-537 


^  "p  ^537  "^0^  -  ^Tp  ■"  ^o^Tp  ^  “  Vo^ 

EXp  =  LHV  +  Dp  (Ah^  -  TqS)p  +  na{Ah  -  l^S)^  -  ^  Hp  [(Ah  -  )] 

T^-537  Tp-537  ^ 


Example 


For  the  burner  shown  below,  calculate  the  exergy  dissipation. 

1  0.38  Ib/s 


27.5  Ib/s 
air  at 


1580.5°R  and  118.6  psia 


1 

1 

i 

f 

psia 

27.93  Ib/s 

Products  at  2414. 7°R  and  113.9  psia 


Given:  LHV  of  fuel  =  18,400  Btu/lb 
Solution: 

Use  =  0.9  B/lbm°R  and  let  =  T537  = 

EXp  =  nif  (LHV)  +  mp  (Ah^  -  T^S^)  +  (Ah  - 

T  -537 

a 

-  nip  (Ahp  -  TqS)p 

=  (.38)(18400)  +  .38  (0-537  x  .9)  +  27.55  [(390.0  -  128.2)  -  537  x  1.7246] 

-  27.93  [(632.1  -  129.0)  -  537  x  1.8519] 

EXp  =  6992  -  184  -  18,302  +  13724 


EXn  =  2230  Btu/s 
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EXERGETIC  EFFECTIVENESS 


Exergetic  Effectivenss  -  Second  Law  Efficiencies 

The  concept  of  efficiency  is  basic  to  the  understanding  of  performance 
in  mechanical  engineering  analysis.  We  are  all  familiar  with  thermal  efficiency 
of  power  cycles,  the  coefficient  of  performance  for  refrigeration  cycles  and 
the  process  efficiencies  for  turbines,  compressors  and  nozzles.  The  efficiencies 
of  cycles  are  based  on  the  first  law  while  those  for  processes  are  related  to 
the  second  law  via  the  isentropic  process.  If  a  cycle  efficiency  is  40%  we 
conclude  that  the  plant  disposes  60%  of  its  imput  energy.  In  no  way  does  this 
analysis  of  the  efficiency  tell  us  if  the  energy  disposed  was  capable  of  producing 
any  more  work  and  if  so  how  much.  In  the  process  equations  we  usually  compare 
the  actual  energy  transformation  with  that  of  an  isentropic  process  between 
the  inlet  state  and  the  outlet  pressure  (a  fictitious  exit  state).  However, 
second  law  enthusiasts  have  not  been  completely  successful  at  defining  a  general 
second  law  efficiency  either  -  a  search  of  the  literature  will  reveal  that  there 
may  be  as  many  definitions  as  there  are  authors.  That  this  conditions  abounds 
many  not  really  be  incriminating  since  all  engineering  problems  have  their  own 
specific  objectives  and  reasons  for  existing.  In  this  paper  the  exergetic 
effectiveness  of  some  conmon  mechanical  engineering  applications  will  be  discussed. 
They  are  presented  here  just  to  make  you  avjare  of  some  of  the  possibilities. 

It  is  left  to  you  to  decide  in  each  particular  case  which,  if  any,  of  the 
methods  are  useful  for  your  decision  making  process. 

Cycle  Exergetic  Effectiveness 

The  exergetic  effectiveness  of  a  cycle  is  defined  in  several  ways  and  the 
first  is  the  ratio  of  the  net  useful  exergy  output  to  the  exergy  input,  i.e. 


Ex 

Ex.  Eff^  =  "  Ex 


useful  output 
input 


For  a  steam  power  plant  the  net  useful  exergy  output  is  the  net  work  of 

the  cycle.  Some  exergy  accompanies  the  energy  rejected  but  if  it  is  not 

channeled  to  a  device  which  can  put  its  exergy  to  use  it  will  have  to  be 

considered  as  destroyed  or  dissipated. 
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A  second  way  to  look  at  cycle  exergetic  effectiveness  is  to  define  it  as 


^^out  ^'^out 


^^in  " 


'2  Ex. 


*^out  +  Exq  ^^in 


This  definition  allows  us  to  keep  some  of  our  first  law  biases  and  still 
be  able  to  evaluate  exergy  uses.  This  definition  does  not  penalize  the  cycle 
because  it  may  not  use  all  of  the  exergy  output. 

Example  Problem  1 

Calculate  the  effectiveness  for  the  Rankine  cycle  shown  below  using  both 
definitions. 


^^input  ~  -  1000  (1  -  2^)  =  735  Btu/s 

Ex 

useful  output 


=  395  Btu/s 


Surrounding  at 


b. 


E'x 

EE  =  output 


^2  - 


input 


^^output 


EXc  =  Q,  (1  -  T^)  =  605  (1  -  ||2) 


=  11.20 


EE  =  - i  1  •  2  _  cc  2°/ 

735  DOili 


Process  Exergetic  Effectiveness  (expanders) 

The  process  exergetic  effectiveness  will  be  defined  as  the  ratio  of  the 
useful  exergy  output  (for  an  expander)  to  the  exergy  decrease.  For  a  turbine 
this  is  the  ratio  of  the  actual  work  Output  to  the  work  output  if  there  had 
been  no  losses.  The  initial  and  final  states  of  the  working  substance  would 
be  the  actual  initial  and  final  states. 

For  an  adiabatic  turbine: 


'  ''i  -  ^ 


ex,  =  (h,  -  T„S,)  -  (h„  -  V„)  and 

‘=>'e  “  '•'e  ■  Vet"  **'o  ‘  Vo> 


EE 


hi  - 


t  ^  [(hi-Vi)  -  (ho-Vo)J  -  L(he-T,S^)  -  (h,-T^S^)i 


hi  -  hg 


W 


act 


‘Wact^To 


AS 


Example  Problem  2 

Consider  an  adiabatic  steam  turbine  which  receives  steam  at  600  psia 
and  800°F  and  exhausts  at  2  psia  with  a  quality  of  90%.  The  temperature  of 
the  environment  is  520° R. 
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_  oyo,  /  _  P7  00/ 

(1407.6  -  1013.9)  -  (520)(1.6343  -  1.7453) 

Mote  that 

1.  This  compares  to  a  first  law  isentropic  eff.  of  85.83% 

2.  If  there  had  been  thermal  losses  but  the  same  end  states  the  numerator  or 
desired  exergy  term  would  be  diminished. 

An  alternate  approach  recommended  by  some  is  to  use  the  same  definition  for  the 
effectiveness  of  a  process  as  we  did  for  the  cycle  (case  2)  i.e. 


Exn 

pp  OUt_rj  D 

2  "  E)^  "  ‘  ■  Ex, 


in 


in 


®^in  = 


^-Vi 


exg  +  ej<^  +  exp 

-  h  +T  -  393.7 
e  0  e 


ex 


D 


To(Se-Si)  =  ex, 

520(1.7453  -  1.6343)  =  ex,  =  57.72  Btu/lbm 

®^-n  "  (^•"Vi^  ■  ^^'Vo^  "  (1407.6  -  28.06)  +  520(.0555  -  1.6343) 

hp  0  60°F  and  14.7  psia  =  28.06  Btu/lbm 
Sq  @  60°F  and  14.7  psia  =  .0555  Btu/lbm°R 
ex.^  =  1379.4  -  821  =  558.4  Btu/lbm 


'ex 


=  1 


57.7 

558.4 


89.7% 
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Compression  Processes 


a) 


b) 


For  compressors  the  inverse  of  the  first  process  definition  would  be 

the  ratio  of  the  increase  in  exergy  to  the  actual  exergy  transfer  bringing 

about  the  Increase:  EE  =  Exergy.  increase 

^  ^act.  input 

Example  Problem  3 


Consider  an  adiabatic  air  compressor  in  which  air  is  compressed  from  a 
pressure  of  1  bar  and  22°C  to  6  bars  and  257°C.  The  environment  is  at  a 
standard  atmosphere  of  pressure  and  17°C.  Find  the  exergetic  effectiveness. 

r'  % 


h.  =  295.17  kJ/kg 
hg  =  533.98  kJ/kg 
Sg  -  S^.  =  2.27967  -  1.68515  - 


exi  =  h.  -  TgS.  - 


ex„  =  h^  -  - 

e  e  0  e 


R  £n  6/1  =  .08025  kJ/kg  °K 


K  - 

(•>0  -  ToSo) 


(h,-hp  -  T„  (S,-S,) 
c  (h^-h,) 


533.98  -  295.17 


533.98  -  295.17 


290(. 08025)  _  215.54  _ 
238.81 


Once  again  (as  with  the  expander)  if  we  use  the  second  effectiveness  definition,  we 

GX 

obtain  rp  =  _ e 

2  ex^  +  ex. 

For  this  solution  we  must  find  the  exergy  at  each  of  the  end  states  with  special 
care  taken  in  evaluating  the  entropies. 


Sg  =  7.2749  -  £n  ^  =  6.7569  kJ/kg  °K 

hg  =  534.00  kJ/kg 

S.  =  6.6808  -  .287  £n  =  6.6771  kJ/kg  °K 


III-5 


h.  =  295.17  kJ/kg 
Sq  =  6.6636  kJ/kg  °K 
Hq  =  290.17 


^  _  _ r534  -  290  (6.7569)1  -  r290.17--  290  (6.6636)] 

^2  (534  -  295J7)  +  [295.17  -  290  (6r6771  )]  -  [290.17  -  290  (6.6636); 


r-14251  -  r-1642l 
(238.83)  +  [-1641]  -  [-1642] 


240 


3% 


Although  the  numerical  values  of  the  effectiveness  are  essentially  the 
same  in  this  example,  the  thought  processes  are  entirely  different. 
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Processes  not  involving  work 


For  nozzles,  diffusers,  and  heat  exchangers,  the  engineer  usually  looks 
at  the  exergy  increase  and  decrease  in  the  flowing  streams.  The  first 
approach  is  to  consider  the  ratio  of  the  exergy  increasing  streams  to  the 
exergy  decreasing  streams  and  the  second  considers  the  ratio  of  the  exergy 
output  to  the  exergy  input. 

Example  Problem  4 

Consider  a  heat  exchanger  with  the  inlet  and  exit  properties  as  shown 
below  and  determine  both  types  of  effectiveness. 


Heat  Exchanger: 

P  =  100  psia 

Steam  ^ 

T  =  500 °F 

100  psia 

- 

Sat  vapor 


T 


0 


=  537°R 

P  =  100  psia 
T  =  400°F 

Sat  liq  100  psia 
1  Ibm/s 


Fi rst  Law 

"■s  C’i  -  ''e>  =  \  C'e  -  =  “V. 

trig  (1279.1  -  1227.5)  =  m^^  (889.2) 


•  ^  889.2  ♦ 

s  51 . 6  w 


17.23  ^ 


. ' .  m^  =  17.23  Ibm/s 

Second  Law 

■"s  [(S-  ■  Vi'  ■  C'o  ■  Vo"i  *  ^  ■  Vi>  -  ■  Vo"! ' 

"s  [(•'e  -  Ve'  -  ("o  -  Ve»  "  %  CC'e  '  Ve'  '  ’  Vo"l  " 

"s  *  T„S,]3  X  [-T„S.  +  T„S^]„  =  Ex„ 

"■s  \  [T„][S^  -  S,]^  =  EXp 

[17.23][537][1.6517  -  1.7085]  +  [1  ][537][1 . 6034  -  .4744]  =  97.2  Btu/s 
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Effectiveness  I  =  =  .^.’<.er,gy...i"crease  streams 

"  E^dgc  exergy  decrease  streams 

.  i  (t{h,  -  V^)  -  (h„  -  -  [(h,  -  T„S,)  -  (h„  -  T„s„)y 

■1  - uih,  -  y.)  -  (h„  -  -  [(h^  -  -  (h„  -  T„s„)4} 


In  this  case  -  could  also  be  written  as 


.  .  "'w<""inc>w 

'■  "wl^^inc'  ^  Exc 


'[(■'e-Ve)  -  (VVo»w  -  '[(N-ToSi)  -  (Wo)\ 


*V,  «*inc 


889.2  -  Tq  (1.6034  -  .4744) 
^w  ^^-nc 


282.93 
282.93  +  97.2 


=  74.4% 


Effectiveness  II  =  =  all., exergy  out  (not  just  the  useful) 

Ex^-^  all  exergy  input 

^  [(he  -  Ve)  -  C^o  -  Vo)^s  [(^  '  Ve^  '  (^  "  Vo)^ 
-  m.  [(h.  -  y.)  -  (h^  -  T^S^)]^  +  ^  [(h.  -  V.)  -  (h„  -  y^)]^ 


hg  @  77°F,  14.696  psia  =  45.09 
Sq  @  77°F,  14.696  psia  =  .08775 

rff  tt  -  (17. 23)[(1227. 5-537x1. 6517)  -  (45. 09-537x. 08775) ]  +  1  [(1187.8-537x1 .6034)-(2. 03)] 
1 7. 23[(1  279. 1-537(1. 7085)- (-2. 03)]  +  l[(298.61-537x.4744)-(2.03)  J 


17.23 

[340.53  +  2.03] 

L+iJ 

[326,7  +  2.03]  _  6231 

17.23 

[361.64  +  2.03] 

1  +  U43.86  +  2.03]  6312 
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Optional  Approach 

Another  very  useful  way  of  studying  exergy  losses  in  complex  systems  or  cycles 
is  to  determine  the  totarexergy  loss  and  then  determine  the  proportion  lost  in 
each  process.  In  that  way  the  designer  can  see  where  his  efforts  might  be  better 
utilized.  For  an  example  of  this  technique  consider  the  accompanying  sketch  of  a 
heat  pump  (using  refrigerant  50)  with  an  outdoor  temperature  of  47°F  and  a  sink 
temperature  of  32°F.  A  detailed  analysis  results  in  the  following  exergies 
destroyed. 


Indoor  Fan;  0.55  KW  Ref.  Flow:  519.7  Ibm/hr. 
Outdoor  Fan:  0.90  KW 

Room  Heating  Load:  44,370  Btu/hr 
Indoor  Temp:  75°F 


Indoor  Unit  2780  Btu/hr  22.4 
Inddor  fan  1650  Btu/hr  13.3 
Expansion  Valve  1070  Btu/hr  8.6 
Compressor  3350  Btu/hr  27.0 
Outdoor  Unit  550  Btu/hr  4.4 
Outdoor  fan  3020  Btu/hr  24.3 


In  this  particular  case  this  indoor  unit  (heat  exchanger)  may  possibly  be  modified 
to  decrease  its  losses. 
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Concluding  Remarks 


The  use  of  the  second  law  via  the  exergy  concept  can  be  a  powerful  tool 
in  pin  pointing  losses  in  engineering  systems.  However,  it  is  also  a  powerful 
tool  in  highlighting  areas  which  may  be  fertile  for  new  and  innovative  techniques 
It  locates  for  us  the  principal  regions  which  beckon  the  inventor,  the  innovator, 
the  engineer. 
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